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PROTEIN  KINASE  C  IS  A  MEDIATOR  OF 
LIPOPOLYSACCHARIDE-INDUCED  VASCULAR  SUPPRESSION  IN  THE 

RAT  AORTA 

Thomas  M.  McKenna,  Joanne  M.  Clegg,  and  Taffy  J.  Williams 

Septic  Shock  Research  Program,  Naval  Medical  Research  Institute,  Bethesda,  Maryland  20889 
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ABSTRACT — Treatment  of  vascular  tissue  with  lipopolysaccharide  (LPS)  in  vitro  induces  hyporesponsive- 
ness  to  contractile  agonists.  We  investigated  whether  protein  kinase  C  (PKC)  transduces  the  LPS  signal  into 
contractile  dysfunction.  Rat  aortic  tissue  was  incubated  .5-18  h  with  LPS  (10  or  30  ng/mL)  or «-  and  j3-phorbol 
12,13-dibutyrate  (PDB,  .1  or  1  pM),  either  alone  or  combined  with  cycloheximide  (50  pM)  or  the  kinase 
inhibitors  sphingosine  (20  pM),  H7  (1-(5-isoquinolinylsulfonyl)-2-methyl  piperazine,  25  pM),  and  HA1004 
(/\/-(2-guanidinoethyl)-5-isoquinolinesulfonamide,  25  pM).  LPS  and  /3-PDB  induced  a  sustained  translocation 
of  PKC  activity  from  the  cytosol  to  the  membrane,  an  increased  protein  synthesis-dependent  expression  of 
nitric  oxide  synthase  (NOS)  activity,  and  an  impaired  contractility  that  could  be  partially  reversed  by  treatment 
with  the  NOS  inhibitor  A/'-nitro-L-arginine  methyl  ester.  Incubation  with  a-PDB.  an  inactive  isomer  of  (i-PCB, 
did  not  alter  any  of  the  tissue  functions.  Sphingosine  blocked  LPS-  and  8-PDB-induced  NOS  activity  and 
LPS-induced  impairments  in  tissue  contractility  and  PKC  translocation.  Incubation  with  H7  also  protected 
against  LPS-induced  vasoplegia,  while  HA1004.  used  as  a  negative  control  for  H7,  provided  little  protection 
against  LPS.  These  data  indicate  that  PKC  plays  a  role  as  an  intracellular  mediator  of  LPS-induced  NOS 
activity  and  vascular  suppression. 


INTRODUCTION 

Cardiovascular  tissue  from  septic  animals  shows  diminished 
contractile  function  when  tested  in  vitro,  indicating  that  the  con¬ 
tractile  defect  is  intrinsic  to  the  tissue  and  does  not  require  the 
continuous  presence  of  circulating  sepsis-associated  factors. 
Contractile  dysfunction  can  also  be  induced  by  in  vitro  treatment 
of  vascular  smooth  muscle  (VSM)  with  lipopolysaccharide 
(LPS),  interleukin- 1.  or  tumor  necrosis  factor.  The  contractile 
impairments  require  tic  novo  protein  synthesis  (1),  and  an  in¬ 
ducible.  Ca'  -independent  nitric  oxide  synthase  (NOS)  has  been 
shown  to  be  a  proximal  intracellular  mediator  for  hypocontrac- 
tility  (2).  The  augmented  NOS  activity  produces  nitric  oxide  that 
in  turn  activates  soluble  guanylate  cyclase  to  generate  cGMP 
which  then  inhibi's  vascular  contraction.  The  mechanism  by 
which  sepsis-associated  extracellular  mediators  are  coupled  in- 
tracellularly  to  the  enhanced  NOS  expression  is  unclear. 

Protein  kinase  C  (PKC)  activity  resides  in  a  family  of 
isozyp^es  which  may  act  as  intracellular  intermediaries  to  trans¬ 
mit  LPS  and  cytokine  signals  into  de  novo  synthesis  of  NOS  (3) 
or  cofactors  that  enhance  NOS  activity  (4.  5).  Vascular  smooth 
muscle  is  rich  in  PKC.  manifesting  isozymes  distributed  among 
calcium  and  phospholipid-dependent  species  which  include 
PKC,,  and  PKC„„  (5.  7).  and  Ca"  ' -independent  species  such  as 
PKC\  and  PKC^  (8).  One  of  the  consequences  of  activation  of 
PKC  is  enhanced  gene  transcription.  Treatment  with  the  PKC 

The  experiments  reported  herein  were  conducted  according  to  the  principles 
set  forth  in  the  "(ruidc  for  the  ('arc  and  Use  of  Laboratory  Animals.”  Instiliile 
of  l  aboratory  Animals  Resources.  National  Research  Council.  Department  of 
Health  and  Human  Services.  Publication  (NIHVS6-2.'l  (IW.'i). 

Address  correspondence  and  reprint  requests  to  Dr.  Thomas  McKenna. 
Septic  Shock  Research  Program,  ('ode  62.^.  Naval  Medical  Research  Institute. 

Wisconsin  A\e..  F^ethesda.  MD  2llSSd-5NI7. 

9  4  11  7  080  . 


activator  phorbol  12-myristate  13-acetatc.  or  exposure  to  20^7 
serum  (under  growlh-a'-rested  conditions)  stimulates  PKC- 
dependent  protooncogene  expression  in  rat  VSM  cells  (9).  In  rat 
macrophages,  activation  of  PKC  by  phorbol  12.13-dibutyrate 
induces  NOS  expre.ssion  (10). 

Although  to  our  knowledge  it  has  not  been  shown  whether 
LPS  can  activate  PKC  in  VSM  cells,  lipid  A  (the  toxic  lipid 
portion  of  LPS)  and  LPS  itself  cause  PKC  translocation  and 
activation  in  B  lymphocyte  membranes  (11)  and  in  in  vitro  mod¬ 
els  for  PKC  activation  ( 11-13).  In  the  present  study,  we  present 
evidence  that  lPS  activates  rat  aortic  VSM  PKC.  that  activated 
PKC  in  turn  elevates  NOS  activity,  and  that  treatment  of  VSM 
with  PKC  inhibitors  blocks  LPS-induced  NOS  activity  and  vas¬ 
cular  tissue  contractile  dysfunction. 

MATERIALS  AND  METHODS 
Tissue  preparation  and  incubation 

Male  Sprague-Dawlcy  rats  (2.S()-4()0  g.  Taconic  Farms,  (icrmaniown,  N^’: 
or  ('harlcs  River.  Wilmington.  MA)  were  used  in  these  studies.  The  rats  were 
decapitated,  the  thoracic  lorta  dissected  out.  and  four  to  seven  mm  long  rings 
were  prepared  from  each  rat.  Most  aortas  were  de-endoihellalized  before  sec¬ 
tioning  into  rings  by  perfusion  with  phosphate-buffered  saline  (PBS)  containing 
1^/  sodium  dei>\ycholate  for  .70s  followed  by  a  PBS  and  bubble  rinse  foi  .>  min. 
The  efficacy  of  this  technique  in  removing  the  endothelium  has  been  docu¬ 
mented  ( 1 ).  Rings  were  incubated  individually  in  2  ml  of  Dulbccco's  modified 
Eagle's  medium  (DME)  supplemented  with  Kr  fetal  calf  serum  (PC'S).  HH) 
^g,'ml,  streptomycin,  and  IIM)  U  ml.  penicillin,  and  uerc  distributed  so  that 
tissue  isolated  from  each  aorta  was  allocated  to  everv  combination  of  treatments 
within  an  experiment.  During  incubation,  the  rings  were  exposed  to  I  PS  { 10  or 
.70  ng.'ml.).  a-  or  ^-PDB  (.1  or  1  fiM).  either  alone  or  combined  with  c\clo- 
heximidc  (50  fiM).  sphingosine  (20  ^M).  117  (2.*'  txM),  or  HAHKM  (2."'  /jM). 
The  media  and  rings  were  rotated  gently  for  18  h  in  an  incubator  at  .77''('  under 
a  05^/  0,-.>0  ('O,  atmosphere.  For  measures  of  PKC  actixity.  six  rings  were 
sectioned  from  each  aorta,  and  allocated  in  duplicate  to  different  treatments.  The 
rings  were  incubated  .5  to  IS  h  in  2  ml  media  supplcmimted  as  detailed  above. 
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Protein  kinase  C  isolation  and  assay 

PK('  was  isolated  trom  dc-cndothcliali/cd  aortic  rtn^.s  es.scntially  as  de¬ 
scribed  by  Thomas  et  a!.  (14).  Alter  incubation,  two  identically  treated  riniis 
were  washed  and  homogenized  in  a  Dounce  homogenizer.  The  homogenate  was 
centrifuged  at  x  c  for  l5  mm.  and  the  soluble  iracium  letained  for 

measures  of  cytosidic  PK.C’.  The  pellet  was  rehomogeni/ed  in  fresh  buffer,  and 
Nonidel  P-41)  w'as  added  io  the  paitieulatt  suspension  to  a  final  concentration 
of  1*"^  to  solubilize  any  PKC  tightly  associated  with  the  membrane  fraction. 
Sitiuhic  and  particulate  preparations  were  subjected  to  ion-exchange  chroma¬ 
tography  on  Db>\L' -cellulose,  with  leupeplin  (2:"'  p-gnT.  final  concentration) 
immediately  added  to  all  eluted  sample  fractions.  PKC  activity  in  the  column 
eluales  was  measured  immediately  follow  ing  elution  with  a  commercially  avail¬ 
able  kit  (Amersiiam.  Arlington  Heights.  II. ).  PKC  activity  was  assayed  using 
the  manufacturer's  protocol.  Phosphorylation  of  the  peptide  substrate  by 
calcium-  and  phospholipid-independent  kinase  activity  was  ex  rrectcd  for  by 
suDiracting  the  radioactivity  tiansferred  in  a  lipid-free  assay  system  containing 
ECiTA.  The  transferred  radioactivity  was  quantitated  by  scintillation  spectro¬ 
photometry.  Protein  content  of  the  soluble  and  paniculate  fractions  was  roeas- 
ured  by  bicinchomnic  acid  assay  (Pierce.  Rockford.  IL)  and  u.wd  to  nonv.Mlizc 
PKC  values  which  are  expressed  as  pmol  of  P  transferred  mg''  protein  min  '. 

Assay  for  conversion  of  [L-^H]arginine  to  [i.-^H]citrulline 

|i  -'H|C'iirullini.'  lorniiiiion  was  intaMiK'd  hy  a  modilication  ol  tlic  tcchniiiuc 
ol  Bredi  and  Snvdcr  (la).  Alter  incuhaliiin.  aortic  rings  were  washed  for  I  h  in 
I  L  of  K.ehs-Ringer  bicarbonate  buffer  (KRB;  millimolar  composition:  NaCI 

1  i.s:  Ns  I  -t  /,  r'aC  I,  I.,’.'  MgbO,-  rH.O  l.e;  i.d;  NaHc  Zx  glucose 

11.7)  at  pH  7.4  and  37“C  while  continually  bubbled  with  d,s';  0.-5';  CO..  I'hc 
rings  were  then  incubated  for  1.5  min  in  250  )ji[.  of  KRB  al  .f7“C  containing 
|i  -'Mlargininc  (.^  g.Ci;mL).  The  assay  was  terminated  by  treating  Ihe  rings  for 

2  min  with  750  rI..  of  ice-cold  KRB  supplemented  with  5  mM  arginine  and  4 
niM  HDTA,  Thcreafler,  the  rings  were  blotted,  dropped  into  I  niL  of  ice-cold 
trtchloroacetic  acid,  homogeni/cd  with  a  I’t'lytron  (Brinkman,  .30.000  rpm).  and 
centrifuged  (25IHI  '<  ,g  for  1,5  min  af  O^Cl  The  supcrnatanl  was  .recoiered  and 
cMracied  lliree  liincs  with  2  ml,  of  water- saturated  diethyl  ether,  and  .5  ml. 
aliquots  of  the  tiqueous  fraction  were  neulrali/ed  with  2  mL  oi  20  mM  4-(2- 
hydroxyethyl)-l-pipor;'/inect'ianesulfonic  acid  (pH  (i.O).  The  2.5  ml.  samples 
wore  applied  lo  2  ml  eolinnnsof  Dowe.x  AC)50W-XS(Na '  form)  and  cinted  with 
2  ml.  of  H.O  ]! -‘H|C  iirulliiic  conlent  in  Ihe  eluant  was  quantified  by  liquid 
scintillation  spectroscopy.  The  prc'tein  content  of  the  pellet  was  determined  as 
detailed  above,  (i  - 'H|’Cilru(/ine  produelioii  was  evpres.scd  .ts  fmol  mg  ‘  of 
protein  min  '. 

Measurement  of  aortic  ring  contraction 

Fkcausc  rings  wTh  an  inlaci  cnJolhclium  arc  more  sensitive  lo  1. PS-induced 
suppression  than  are  de-endotheiialized  rings  ( 1 ),  conlractions  hy  endt'ihelium- 
irMaci  rings  were  measureU  after  incubation  with  Id  ngmil.  TPS.  while  dc- 
endotlielializcd  ring  conlraciilily  was  measured  after  incubation  with  .^t)  ngmC 
TPS.  Alter  incubation,  rings  were  mounted  between  two  stainless  steel  ho«>ks 
m  10  ml  jacketed  tissue  baths.  One  hook  was  fixed  in  the  bath,  and  the  other 
hook  was  attached  to  a  strain  gauge  (Kulite  .Semiconductor.  Ridgefield.  NJ)  for 
measures  of  ring  tension.  C'ontraetions  by  up  to  eight  rings  were  measured 
simjliane('usly  and  recorded  on  multiehannei  strip  chart  recorders.  The  lings 
were  maintained  in  KRB  at  a  resting  tension  of  2.4  g  and  allowed  to  equilibrate 
lor  40  nvn.  The  rings  were  then  contracted  by  twd  applications  <4  norepineph¬ 
rine  (.1  ^M>;  acetylcholine  ()  «tdded  to  the  baths  at  maximal  con¬ 

traction  ti>  the  first  dose  of  NT.  to  test  for  the  functional  inlegriiy  of  the  vascular 
endothelium  (16).  The  tissue  baths  were  Hushed  with  fresh  KRB  between  ap¬ 
plications  of  NT  until  ring  tension  returned  to  resting  values,  f  hesc  procedures 
required  approximately  min  and  served  to  equilibrate  the  rings  to  resting 
tension  and  to  wash  TPS  and  PKC  inhibitors  from  the  tissues.  Rings  were  then 
contracted  bv  withdrawing  KRB  from  the  tissue  baths  and  adding  increasing 
volumes  of  a  high  KC)  KRB  ( 1 20  mM.  made  by  equimolar  substitution  of  KCI 
for  NaCl)  to  the  baths  to  yield  final  KCI  concentrations  111  to  HO  niM.  In 
another  set  of  experiments,  rings  were  repetitively  precontracted  with  HO  mM 
KCI  and  then  washed,  until  maximum  contractivnis  lo  KCI  stabilized.  After 
further  washing  and  attainment  of  a  si;ible  baseline  tension,  rings  were  treated 
with  the  NOH  inhibitor  i  -N.AMT  (  V  -nitro-i  -arginine  methyl  ester)  or  Ihe  in¬ 
active  isomer  n-N.AMT  (  .1  niM)  for  1.^  min.  and  th^n  contracted  with  HO  mM 


KCI.  Al  maximum  contraction,  all  rings  were  treated  w  iih  .  1  g.M  PDB.  and  an> 
further  increments  in  tension  were  recorded.  All  rings  were  blotted  and  weighed 
alter  experiments  were  completed. 

Statistics 

Aortic  ring  contractile  performance  ii'  KCI  was  characterized  h\  deriving 
(maximum  generated  tension)  and  T'(\,  values  (concentration  of  agonist 
causing  a  half-maxi  nal  conliaclion)  with  a  nonlinear  regression  analysis  pro¬ 
gram  ( 17)  that  filled  second  or  third-order  polynomials  to  ring  dose-responses. 
F-xamination  v>f  differences  among  irealmenl  means  in  measures  of  aortic  ring 
PKC  activity.  ( 'Hjcilrulline  production,  and  cxmiraclile  performance  was  by  the 
appnvprialc  one-way.  Kruskall-Wallis.  or  randomized  blocks  analysis  ot  vari¬ 
ance:  if  significant  differences  w  ere  present,  then  pairs  of  means  were  tested  bv 
Sludent-Ncwman-Kculs  a  /j<M7cnon  tests  (IH).  Data  were  ‘vubjected  lo  loga¬ 
rithmic  transformation  prior  to  analy  sis  if  means  were  positively  correlated  w  iih 
variances.  Comparisons  hciween  two  treatment  effects  were  by  paired  l  tests. 
Dilfcrcnces  with  probabilities  of  ,0.^  or  less  were  accepted  as  significant.  All  data 
are  expressed  as  means  !:  S.t. 

Materials 

DMt  was  purchased  Irom  GIBC'O.  Grand  Island,  NY.  Defined  TC'S  was 
iiblaiiied  frirni  Hyclone  Lahuratories.  l.ngan.  l)T.  Tlie  liil  used  e.'nlained  less 
lhan  25  pg  mL  I.P.S.  Penicillin  slreptomycin  and  PBS  were  irblained  from 
Ouali'.y  Biological.  Gailhershnrg.  MD.  4(»-  and  4P-PDB.  and  i  -  and  ii-NAMI: 
were  purchased  from  l.f  Services.  VVohurn.  MA.  Norepinephrine  hitarirate. 
leupeplin.  and  D-sphingosine  w  ere  bought  from  Sigma  Chemical  Co..  Si.  l.ouis. 
MO.  117,  HA1(I04.  and  cycloheximide  were  purchased  from  Calbiochem- 
Behring  Corp..  San  Diego.  CA.  Nonidel  P-40  was  obtained  from  BDH  Chemi¬ 
cals  l.id.  Poole.  England.  DHAT-cellulosc  was  bongh'  from  Pierce.  Rockford. 
IT.  Dowe.v  ,A(i50W-,\,S  was  acquired  trom  Bio-Rad.  Richmond.  CA.  |i-2.3- 
'HjArginine  (5b  Ci/mmo|)  and  |7-“-'P)ATP  (iriclhylammonium  sail.  3000  Ci 
mmol)  were  purchased  from  DuPont  New  England  Nuclear.  Boston.  M.\.  EPS 
( /■.’vc/i<t(<7»(1  toll  EPS  serotype  055:135)  was  obtained  from  Difeo.  Detroit,  MI. 
rhe  EPS  was  stored  as  a  stock  preparation  in  DME  ( I  mg.  ml.).  For  experiments, 
Ihe  EPS  slock  was  diluted  into  DME  and  sonicated  for  3  min  al  maximum  power 
in  a  cup  horn  sonicalor  (Cole-Parmer  Insirumenls.  4710  series.  Chicago.  11.). 
o-.Sphingosinc  was  prepared  by  iuv)difi^.dion  of  the  technique  ol  .Merrill  el  al. 
( 10).  The  lipid  was  solubili/ed  in  absolute  ethanol  lo  a  concentration  of  33  niM; 
this  solution  was  Ihon  added  in  a  ratio  of  1 : 100  (v  \  I  lo  FCS,  incubated  al  37‘X' 
for  I  h.  and  stored  at  -2(TC.  H7  and  HA  1004  were  dissolved  in  PBS  at  1  mg  ml, 
and  stored  al  d^C  in  the  dark.  Phorbols  wi-re  diluted  in  dimethyl  sulfoxide  (2.5 
mg  ml.)  and  stored  al  -.SOX'. 

HESULiS 

PKC  activation  by  LPS  and  PDB 

Incubation  with  10  ng/niL  LPS  caused  PKC'  to  transiocalc 
from  the  cytosol  to  the  membrane,  resulting  in  significant  el¬ 
evations  in  membrane-associated  activity  after  I  and  4  h.  v\  hile 
cytosolic  PKC  levels  declined  nonsignificantly  (Fig.  1,4).  The 
PKC'  distribution  returned  to  normal  after  IS  h  despite  con¬ 
tinuous  l,PS  cxpi'sure.  Directly  activating  PKC  with  I  /xM  PDB 
ulsd  caused  a  cytoso)  lo  membrane  iran.slocalion  (Fig.  Iff). 
PDB-induced  PKC  translocation  was  significant  after  4  h  ex¬ 
posure  and  was  associated  with  an  apparent,  although  nonsig¬ 
nificant  (Jccrcasc  in  both  PKC  pools  at  IS  h.  To  test  for  non¬ 
specific  effects  of  PDB.  rings  were  treated  for  4  h  with  I  /xM 
a-PDB.  the  inactive  isomer  of  PDB.  PKC  distribution  was  not 
altered  in  these  rings  (control  and  rt-PDB-trc;itcd  ring  cyto.solic 
PKC  activities  were  700  ±  202  and  7(i4  ±  170  pmol  mg  ' 
protein  min  ',  respectively;  membrane-associated  PKC  activi¬ 
ties  were  40(i  ±  ISb  and  5 1 7  ±  144,  respectively,  N  =  b  rings 
per  group).  The  ability  of  the  PKC'  inhibitttrs  sphingosinc  (10) 
and  H7  (20)  to  prevent  LPS-induced  PKC  translocation  was  also 
examined  A  LPS  dose  ot  .Ml  ng,'ml.  induced  a  .4.3-fold  increase 
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Fig.  1.  Aortic  ring  membrane  and  cytosoi  PKC  activities  after 
incubation  in  LPS-  and  PDB-treated  media.  A,  PKC  activity  in  rings 
incubated  in  control  medium  (0  time),  or  in  medium  containing  10  ng/mL 
LPS  for  .5  to  18  h.  B,  PKC  activity  in  rings  incubated  with  1  tjM  PDB  as 
described  above.  *,  significant  increases  in  membrane-associated  PKC 
activity  in  LPS  and  PDB-incubated  rings  in  comparison  to  control  (0-time) 
rings.  The  data  are  plotted  as  means  ±  S.E.;  small  SEM  do  not  extend 
beyond  the  symbols.  N  =  15  rats:  values  are  based  on  5  to  15  pairs  of 
rings  per  data  point. 


in  the  PKC  membranc-to-cytosol  ratio  in  treated  compared  to 
control  rings  (Fig.  2),  ('oincubation  of  rings  with  LPS  and  2*^ 
sphingosine  or  25  (U.M  H7  completely  blocked  LPS-induced 
PKC  translocation,  while  25  /xM  HA  1004,  which  has  less  PKC 
inhibitory  capacity  than  H7  (20),  did  not  prevent  a  significant 
LPS-induced  PKC  translocation  (Fig.  2). 


Nitric  oxide  synthase  activity 

NOS  activity,  as  reflected  by  an  enhanced  conversion  of 
[’H]arginiiic  into  ['H]citrullinc  (15).  was  significantly  increased 
in  rings  incubated  with  30  ng/mL  LPS  and  .  1  or  1  piM  PDB  (Fig. 
3).  F  i)B-sfimulatcd  NOS  activity  was  apparently  maximal  at  .1 
p.M,  because  incubation  with  1  )iM  PDB  did  not  yield  additional 
['H|citrul!ine.  Blockade  of  PKC  with  20  /xM  sphingosine  ef- 
fcctivelv  barred  induction  of  NOS  activity  by  both  LPS  and 
PDB.  Cycloheximide  (50  /xM)  significantly  suppressed  control. 
LPS,  and  PDB-incubated  ring  ['H]citrulline  prcxiuction  (Table  1). 

Nitric  oxide  contributes  to  LPS  and  PDB-induced 
contractiie  dysfunction 

Rings  incubated  with  30  ng/mL  LPS  or .  1  /xM  PDB  showed 
significantly  depressed  ccutrartions  when  stimulated  with  KCI 
(Fig.  4).  Treatment  with  i.-NAME,  but  not  d-NAiVFE.  .signifi¬ 
cantly  increased  (by  42  and  367/.  respectively)  LPS-  and  PDB- 
incubated  ring  contractions  to  KCI.  a  finding  consistent  with 
blockade  of  the  enhanced  NOS  activity  shown  in  Fig.  3.  Rings 
incubated  with  a-PDB  did  not  show  depressed  contraction. 
Rin'>s  incubated  with  PDB  did  not  contract  normally  to  a  sub¬ 
sequent  stimulation  with  PDB.  in  contrast  to  control,  and 
a-PDB-  and  LPS-incubated  tissue. 
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Fig.  2.  Blockade  of  LPS-induced  cytosol  to  membrane  translo¬ 
cation  by  PKC  inhibitors.  Flings  were  incubated  in  control  medium 
(open  bar),  medium  supplemented  with  30  ng/mL  LPS  (crosshatched), 
or  LPS-supplemented  media  with  sphingosine  (Sp,  20  pM.  vertical),  H7 
(25  pM,  diagonal),  or  HA1004  (25  pM,  squares). a  significant  increase 
in  membrane  to  cytosol  ratio  in  comparison  to  control.  The  data  are  plot¬ 
ted  as  means  ±  S.E.  N  =  10  rats;  values  are  based  on  five  pairs  of  rings 
per  data  point. 


Fig.  3.  NOS  activities  in  aortic  rings  incubated  18  h  with  PDB  (.1 
and  1  pM).  a-PDB  (1  pM),  and  LPS  (30  ng/mL).  Rings  were  also  in¬ 
cubated  with  combinations  of  LPS  and  20  pM  sphingosine  (Sp).  and  1 
pM  PDB  and  sphingosine. ",  significant  increases  in  NOS  activities  com¬ 
pared  to  untreated  rings  (basal).  The  data  are  plotted  as  means  ;  S.E. 
N  =  5  rats. 


PKC  biockade  protects  against  LPS-induced 
contractiie  dysfunction 

Because  the  endothelium  significantly  modulates  vascular 
contractility,  the  capacity  of  H7  to  protect  against  LPS-induced 
contractile  dysfunction  exuuiincd  in  Loih  cini>-iiietuini- 
intact  and  de-endothelialized  rings.  Endothelium-intact  aortic 
rings  incubated  with  10  ng/mL  LPS  exhibited  significant  de¬ 
creases  in  maximal  contraction  and  sensitivity  to  KCI  in  com- 
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Table  1 .  Influence  of  cycloheximide  treatment  on  conversion  of 
[^H]arginine  to  [^H]citrulline  in  rat  aortic  rings  incubated  18  h  in 
control  medium  or  media  supplemented  with  LPS  or  PDB 


Treatment 

pH]Citrulline 

(fmol  mg  ’  protein  min  ’) 

Control' 

7.7  +  1.2 

LPS  (30  ng/ml) 

24.9  +  6.0t 

PDB  (1  pM) 

13.8  +  2,5t 

Control  -r  Cycloheximide  (50  uM) 

2.7  -L  0.3§ 

LPS  (30  ng/ml)  +  Cycloheximide  (50  pM) 

2.0  r  0.1§ 

PDB  (1  pM)  +  Cycloheximide  (50  pM) 

1.8  -L  0,2§ 

*  Rings  from  individual  rats  were  allocated  to  each  treatment;  N  =  3  rats, 
t  pHJCitrulline  formation  significantly  greater  than  control  (p  <  0.05). 

§  [^HJCitrulline  formation  significantly  less  than  control  (p  <  0.05). 
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Fig.  4.  Contractions  by  aortic  rings  incubated  18  h  in  control 
media  {Con),  and  media  containing  a-POB  (.1  pM),  LPS  (30  ng/mL), 

and  PDB  (.1  pM),  The  rings  were  contracted  with  80  mM  KCI  (open  bars'!, 
washed,  and  contracted  again  with  80  mM  KCI  after  1 5  min  treatment  with 
.  1  mM  l-NAME  (striated)  or  o-NAME  ( vertical  lines).  Increases  in  tension 
in  response  to  PDB  (.1  pM)  added  at  maximum  KCI-induced  contraction 
are  denoted  by  checked  bars.  t.  a  significantly  reduced  initial  contraction 
compared  to  control:  *,  a  significant  increase  compared  to  initial  con¬ 
traction.  The  data  are  plotted  as  means  t  S.E.  N  ^  6  rats. 


parison  to  control  rings  (Fig.  54,  Table  2).  In  contrast,  rings 
coincubated  with  LPS  and  H7  retained  normal  contractile  func¬ 
tion.  HA1(K)4,  used  as  a  negative  control  for  H7,  did  not  block 
the  suppressive  effects  of  LPS  on  the  tissue  (Fig.  5B  and  Table 
2).  De-endothelialized  ring  maximal  contraction  and  sensitivity 
to  KCI  were  dcpres.sed  after  incubation  with  50  ng/'mL  LPS  (Fig. 
5C  and  Table  2).  The  LPS-induced  dysfunctions  were  blocked 
in  rings  coincubated  with  H7,  while  HAl()()4-treated  rings 
showed  nonsignificant  improvements  in  maximal  contraction 
and  normal  sensiMvit"  to  K'^l  (Fig.  5D  ,  nd  Table  2). 

The  ability  of  PKC  blockade  to  ameliorate  LPS-induced  con- 
trac’  !.  'ysfimrtion  was  further  explo’-e'f  -h  ^uuodieiiaiL.eJ 
aortic  rings  coincubated  with  20  p,M  sphingosine.  Sphingosinc 
by  itself  suppressed  control  ring  contractions.  Despite  the  sup¬ 
pression  due  to  sphingosinc.  rings  incubated  with  combined 
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Fig.  5.  Contraction  to  KCI  by  endothelium-intact  (A  and  B)  and 
de-endothelialized  (Cand  D)  aortic  rings  incubated  18  h  in  combi¬ 
nations  of  control,  LPS-,  H7-,  and  HA1004-treated  media.  A,  re¬ 
sponses  by  endothelium-intact  rings  incubated  in  medium  only,  medium 
plus  H7  (25  pM),  medium  containing  LPS  (10  ng/mU).  and  medium  con¬ 
taining  LPS  plus  H7.  B.  for  clarity  in  presentation,  responses  by  rings 
incubated  in  medium  only  and  LPS-treated  medium  are  reproduced  from 
A.  Additional  rings  were  incubated  in  medium  plus  HA1004  (25  pM). 
and  medium  containing  LPS  plus  HA1004.  C.  responses  by  de- 
endothelialized  rings  incubated  in  medium  only,  medium  plus  H7  (25  pM). 
medium  containing  LPS  (30  ng/mL).  and  medium  containing  LPS  plus 
H7.  D,  for  clarity  in  presentation,  responses  by  rings  incubated  in  medium 
only  and  LPS-treated  medium  are  reproduced  from  C.  Additional  rings 
were  incubated  in  medium  plus  HA  1 004  (25  pM),  and  medium  containing 
LPS  plus  HA1004.  The  data  are  presented  as  in  Fig.  1 .  N  =  7  rats  (intact 
endothelium)  and  9  rats  (de-endothelialized). 


Table  2.  Maximum  generated  tension  (£„,,,)  and  sensitivity 
(ECjg)  values  for  KCI-stimulated  rat  aortic  rings  incubated 
18  h  in  control  media  or  media  supplemented  with  LPS, 
or  LPS  and  PKC  inhibitors 


E™,  (Rig  tension/mg  tissue)  EC50  (mM) 


Treatment 

Control 

LPSf 

Control 

LPS4 

Rings  with  intact  endothelium 

None' 

280  ±  11 

98  T  31§ 

30  r 

1 

41  -  4§ 

H7  (25  pM) 

382  T  18 

348  1:  31 

28  ± 

1 

32  ±  2 

HA1004  (25  pM) 

404  ±  16 

185  ±  36§ 

36  i 

3 

49  r  4§ 

De-Endothelialized  rings 

None" 

514  i  56 

256  i  51§ 

25  T 

2 

38  t  4§ 

H7  (25  pM) 

522  T  30 

510  ±  43 

25  ' 

2 

26  ±  3 

HA1004  (25  pM) 

456  T  30 

315  ±  43§ 

18  i 

2 

24  T  2 

None' 

522  i  37 

214  ±  31§ 

25  r 

2 

34  ±  2§ 

Sphingosine  (20 

pM)  417  T  21 

380  r  39 

24  ± 

2 

27  ^  1 

f  Lipopolysacchahde,  10  ng/ml  (rings  with  intact  endothelium)  or  30 
ng/ml  (de-endothelialized  rings). 

*  N  =  7  rats,  **  N  ^  9  rats. 

§  p  <  0.05  in  comparison  to  equivalently  treated  control. 

sphingosinc  and  LPS  contracted  significantly  better  than  rings 
incubated  only  with  LPS  (Fig.  6).  Sphingosine  also  shielded  the 
rings  against  LPS-induced  loss  of  sensitivity  to  KCI  (Table  2). 
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DISCUSSION 

It  is  not  known  how  LPS  initiates  cellular  responses  in  vas¬ 
cular  smooth  muscle.  Although  LPS  receptors  have  not  been 
demonstrated  in  this  tissue,  numerous  candidate  LPS  receptors 
have  been  identified  in  other  cell  types  (see  Ref.  21  for  review). 
These  receptors  may  be  coupled  to  intracellular  second  mes¬ 
senger  systems  that  activate  PKC.  or  alternatively,  LPS  may 
activate  PKC  by  a  mechanism  in  which  cell  surface  molecules 
bind  LPS  and  facilitate  a  subsequent  insertion  of  the  LPS  into 
the  cell  membrane  (22).  Because  the  lipid  A  moiety  of  LPS  has 
been  shown  to  activate  PKC  in  vitro  (12),  it  is  possible  that  cell 
membrane-incorporated  LPS  could  directly  activate  PKC. 

PKC  activity  resides  in  a  family  of  at  least  nine  isozymes 
which  exhibit  differences  in  tissue  and  cellular  distribution  and 
cofactor  requirements  (see  Ref.  23  for  review).  These  differ¬ 
ences  suggest  that  PKC  isozymes  may  be  differentially  regu¬ 
lated  and  functionally  distinct,  and  evidence  exists  for  indi¬ 
vidual  PKC  Isotype  behavior  in  vascular  smooth  muscle.  PKC^j,, 
isozyme  levels  increa.se  in  streptozotocin-induced  diabetic  rat 
aortas,  while  the  a-form  remains  unchanged  (7).  In  the  ferret 
aorta,  activated  PKC^  translocates  to  the  intranuclear  compart¬ 
ment  rather  than  to  the  sarcolemma  as  does  PKC^.  The  authors 
of  that  study  suggest  that  the  intranuclear  localization  of  PKC^ 
makes  it  a  candidate  for  transmitting  agonist  signals  into  gene 
expression  and  cell  proliferation  (8). 

While  the  current  study  cannot  identify  which  isotype(s)  of 
PKC  may  be  responsible  for  transmitting  the  LPS  signal  into 
enhanced  NOS  activity  and  vascular  contractile  depression,  we 
found  that  inhibition  of  PKC  activity  by  agents  directed  at  either 
the  active  site  (H7  (20))  or  the  regulatory  site  (.sphingosinc  (Id)) 
blocked  LPS-induced  PKC  translocation.  NOS  expression,  and 
contractile  dysfunction.  H7  is  not  a  specific  PKC  inhibitor,  be¬ 
cause  it  works  at  the  catalytic  site  of  the  enzyme,  which  is  highly 
conserved  among  serine/threonine  kinases,  and  consequently 


0  1  — - ^ 

0  20  40  60  0( 

IKCLI  mM 

6  Contraction  to  KCI  by  de-endothelialized  aortic  rings  in¬ 
cubated  for  18  h  in  medium  oniy  (Co'O  medium  plus  sphingosine 
(Sp,  20  pM),  medium  containing  LPS  (30  ng/mL),  and  medium  con¬ 
taining  LPS  plus  sphingosine.  The  data  are  presented  as  in  Fig  1 
N  7  rats. 


H7  inhibits  other  kinases  including  cAMP  and  cGMP- 
dependent.  myosin  light  chain,  and  casein  I  and  II  kinases  (2(1). 
PKC-dependent  proce.sses  are  highlighted  1. ,  comparison  with 
responses  to  treatment  with  HA1()()4,  which  has  a  kinase  in¬ 
hibitory  profile  similar  to  H7  but  inhibits  PKC  to  a  lesser  extent 
(20).  In  our  system,  HA  1004  clearly  did  not  protect  ring  con¬ 
tractile  function  against  LPS  as  well  as  H7.  Sphingosine,  a  PKC 
inhibitor  which  acts  by  competing  with  diacylglyccrol.  phos- 
phatidylserine,  or  phorbols  at  ;!,e  PKC  regulatory  site  also  in¬ 
hibits  calmodulin-dependent  enzymes,  including  myosin  light 
chain  kinase  (24).  In  addition,  sphingosine  has  cytotoxic  ac¬ 
tions,  probably  as  a  consequence  of  PKC  inhibition  (25).  It  is 
likely  that  these  sphingosine  influences  persisted  in  rings  during 
testing  of  contractile  performance,  because  rings  incubated  only 
with  sphingosine  showed  significantly  diminished  maximum 
contractions.  This  inhibition  was  not  so  great,  however,  that  it 
masked  the  protection  accorded  by  PKC  inhibition  during  LPS 
exposure.  While  H7  and  sphingosine  are  not  specific  PKC  in¬ 
hibitors,  the  compounds  are  chemically  dissimilar  and.  with  the 
exception  of  PKC.  show  different  inhibitory  targets.  Therefore, 
it  is  unlikely  that  H7  and  sphingosine  would  share  the  same 
nonspecific  side  effects,  and  the  use  of  these  two  different  agents 
supports  a  role  for  PKC  in  transducing  the  LPS  signal  into  vas¬ 
cular  suppression  since  both  inhibitors  protected  vascular  con¬ 
tractile  function. 

PDB  was  not  as  effective  as  LPS  at  inducing  NOS  activity. 
It  is  possible  that  PDB  may  not  stimulate  an  appropriate  isotype 
of  PKC  (26)  as  well  as  does  the  LPS-initiated  mechanism  or  that 
PDB  may  downregulate  PKC  to  such  a  large  extent  that  it  ac¬ 
tually  blocks  transduction  of  the  suppressive  signal  (Fig.  4). 
Alternatively  PKC  activation  may  be  necessary  but  not  suffi¬ 
cient  to  cause  a  LPS-like  vascular  suppression;  i.e..  a  supple¬ 
mental  LPS-associated  stimulus  is  required  for  full  impairment 
of  contractile  function  to  occur.  This  type  of  relationship  is  ex¬ 
emplified  in  a  study  by  Kawahara  et  al.  (27)  in  w  hich  stimulation 
of  VSM  cells  with  both  a  phorbol  and  the  calcium  ionophore 
A23187  essentially  doubled  cellular  c-/as  mRNA  levels  In  com¬ 
parison  to  levels  resulting  from  phorbol  stimulation  only.  A  re¬ 
cent  study  in  aortic  smooth  muscle  cells  has  also  shown  LPS- 
stimulated  tyrosine  kinase  activity  to  be  a  likely  candidate  for 
such  an  additional  stimulatory  pathw  ay  (28).  A  possible  require¬ 
ment  for  multiple  LPS-stimulated  mediators  to  fully  induce 
NOS  activity  in  VSM  can  explain  the  apparent  paradox  ihat. 
while  PKC  is  intimately  involved  in  promoting  contraction,  un¬ 
der  LPS  stimulation  PKC  is  also  linked  to  the  induction  of  NOS 
activity  and  subsequent  vascular  suppression.  An  alternativ  e  ex¬ 
planation  for  the  different  roles  of  PKC  is  that  distinct  PKC 
isozymes  mediate  contraction  and  LPS  signals. 

Control-incubated  aortic  rings  expres.scd  low  levels  of  in¬ 
ducible  NOS  activity  (Table  1).  This  NOS  activity  could  be 
induced  in  response  to  trauma  associated  with  ring  preparation 
and  incubation,  to  LPS  contamination  in  the  medium,  or  to 
combined  stimuli.  We  have  measured  control  medium  LPS  by 
Limulus  amebocyte  lysate  chromogenic  assay  and  found  levels 
ranging  from  .1  to  .4  ng/'mi..  It  is  possible  that  this  quantity  of 
LPS  could  induce  a  basal  NOS  activitv.  The  v  ariable  increases 
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in  control  ring  contractility  that  occurred  after  treatment  with 
l-NAME,  H7,  and  HA  1004  may  have  resulted  from  inhibition 
of  the  basal  NOS  activity. 

In  conclusion,  exposure  of  rat  aortas  to  LPS  results  in  trans¬ 
location  of  PKC  to  vascular  cell  membranes,  induction  of  NOS 
activity,  and  impaired  vascular  contraction.  All  of  these  re¬ 
sponses  are  also  provoked  by  directly  activating  PKC  with  PDB. 
PKC  blockade  protects  against  LPS-induced  augmentation  of 
NOS  activity  and  contractile  dysfunction.  These  observations 
implicate  PKC  as  an  intracellular  mediator  of  LPS  action  in 
vascular  smooth  muscle  cells.  Because  PKC  also  mediates  vas¬ 
cular  endothelial  cell  pro-inflammatory  responses  such  as  in¬ 
creased  «.eii  layer  permeability  expreccion  f^f  adhesion  mol¬ 
ecules,  and  platelet-activating  factor  and  cyclooxygenase 
synthesis  (29-32),  as  well  as  VSM  contractility  defects,  it  may 
be  possible  to  ameliorate  several  aspects  of  the  vascular  dys¬ 
function  characteristic  of  .sepsis  or  endotoxemia  by  develop¬ 
ment  of  inhibitors  specifically  directed  at  PKC  isotypes  medi¬ 
ating  the  altered  vascular  functions. 
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